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The emerging notion of environment-induced repro-
gramming of Foxp3+ regulatory T (Treg) cells into
helper T (Th) cells remains controversial. By genetic
fate mapping or adoptive transfers, we have identi-
fied a minor population of nonregulatory Foxp3+
T cells exhibiting promiscuous and transient Foxp3
expression, which gave rise to Foxp3 (‘‘exFoxp3’’)
Th cells and selectively accumulated in inflammatory
cytokine milieus or in lymphopenic environments
including those in early ontogeny. In contrast, Treg
cells did not undergo reprogramming under those
conditions irrespective of their thymic or periph-
eral origins. Moreover, although a few Treg cells
transiently lose Foxp3 expression, such ‘‘latent’’
Treg cells retained their memory and robustly re-
expressed Foxp3 and suppressive function upon
activation. This study establishes that Treg cells con-
stitute a stable cell lineage, whose committed state in
a changing environment is ensured byDNAdemethy-
lation of the Foxp3 locus irrespectively of ongoing
Foxp3 expression.
INTRODUCTION
Natural regulatory T (Treg) cells are indispensable for maintaining
self-tolerance and immune homeostasis (Sakaguchi, 2004).
They were initially identified as CD4+CD25+ T cells (Sakaguchi
et al., 1995) and later found to be better defined by expression
of the transcription factor Foxp3 (Fontenot et al., 2003; Hori
et al., 2003; Khattri et al., 2003). Mutations of the Foxp3 gene
result in defective development of functional Treg cells, thereby
causing a fatal autoimmune disorder in mice and humans (Fon-
tenot et al., 2003; Khattri et al., 2003). Conversely, enforced
continuous expression of Foxp3 in conventional CD4+ T cells
confers a phenotype and function resembling natural Treg cells
(Fontenot et al., 2003; Hori et al., 2003). Moreover, conditional
deletion of the Foxp3 gene reprograms Treg cells into patho-262 Immunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc.genic helper T (Th) cells (Williams and Rudensky, 2007). These
findings led to the prevailing notion that Foxp3 represents
a ‘‘specific’’ marker of Treg cells and acts as their ‘‘lineage-spec-
ification factor’’ or ‘‘master regulator’’ (Fontenot et al., 2003,
2005; Hori et al., 2003). However, Foxp3 expression may not
always specify Treg cells; in humans, activated T cells transiently
upregulate FOXP3 without acquiring a Treg cell phenotype and
function (Allan et al., 2007; Gavin et al., 2006; Tran et al., 2007;
Wang et al., 2007; Ziegler, 2006), although such ‘‘promiscuous’’
Foxp3 expression has not, thus far, been demonstrated in mice
(Fontenot et al., 2003, 2005; Hori et al., 2003; Khattri et al., 2003).
Compelling evidence indicates that natural Foxp3+ Treg cells
represent a distinct and stable cell lineage, capable of maintain-
ing Foxp3 expression and suppressive function over rounds of
cell division (Floess et al., 2007; Gavin and Rudensky, 2003;
Komatsu et al., 2009). Their stable Foxp3 expression is ensured,
at least partly, by an ‘‘epigenetic’’ mechanism, namely DNA
demethylation of one of the conserved noncoding regions in
the Foxp3 gene, termed Treg cell-specific demethylation region
or TSDR (Floess et al., 2007; Huehn et al., 2009; Polansky et al.,
2008; Zheng et al., 2010). Commitment to the Treg cell lineage is
thought to take place primarily in the thymus as a result of high-
affinity TCR interactions with self-antigens (Klein and Jovanovic,
2011; Lio andHsieh, 2011), although some Foxp3+ Treg cells can
also differentiate extrathymically from naive CD4+ T cells upon
antigen recognition under ‘‘tolerogenic’’ contexts in vivo (Cob-
bold et al., 2004; Curotto de Lafaille et al., 2008; Haribhai et al.,
2011; Kendal et al., 2011; Kretschmer et al., 2005) or in the pres-
ence of TGF-b in vitro (Chen et al., 2003).
Recent studies have challenged this notion of a committed
Treg cell lineage and suggested that Treg cells may lose Foxp3
expression and be ‘‘reprogrammed’’ to various effector Th cell
subsets in response to certain environmental cues; some of
natural Foxp3+ T cells convert to Foxp3 ‘‘exFoxp3’’ Th cells
upon activation in inflammatory cytokine milieus (Komatsu
et al., 2009; Xu et al., 2007; Yang et al., 2008) or adoptive transfer
into T cell-deficient mice (Duarte et al., 2009; Komatsu et al.,
2009). More recently, genetic fate mapping approaches have
been applied; by crossing Foxp3 bacterial artificial chromosome
(BAC) transgenic mice expressing a green fluorescent protein
(GFP)-Cre recombinase fusion protein with ROSA26-yellow fluo-
rescent protein (ROSA26YFP) Cre-reporter mice, Zhou et al.
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Origin of exFoxp3 T Cells(2009) found that a sizable fraction (10%–20%) of YFP+CD4+
T cells are Foxp3. Moreover, the Foxp3YFP+ exFoxp3
T cells exhibit an effector or memory cell phenotype and are en-
riched in inflammatory sites (Zhou et al., 2009). These findings
have evoked fundamental questions on the robustness of
self-tolerance and immune homeostasis in a changing environ-
ment, as well as on the validity and safety of human Treg cell
therapy.
In contrast, however, by pulse labeling of Foxp3+ T cells in
adult Foxp3GFP-Cre-ERT2 knockin ROSA26YFP mice, Rubtsov
et al. (2010) detected few (<3%) Foxp3 cells in YFP+CD4+
T cells under steady-state and various perturbed conditions
and argued against the observed plasticity of Foxp3+ T cells.
Thus, the emerging notion of environment-induced repro-
gramming of Treg cells remains controversial. Considering its
implications in fundamental as well as clinical immunology, this
controversy awaits immediate resolution.
To reconcile these apparently contradictory observations, we
have proposed that exFoxp3 T cells do not reflect reprogram-
ming of committed Treg cells but rather a minor population of
uncommitted Foxp3+ T cells (Hori, 2010, 2011; Komatsu et al.,
2009). This ‘‘heterogeneity model’’ has remained unproven,
however, because the nature of such uncommitted cells has
remained unknown and the possibility of Treg cell reprogram-
ming has not been ruled out. In this study, we substantiated
this model by determining the nature of the uncommitted cells
and the origin of exFoxp3 T cells.
RESULTS
Generation and Accumulation of exFoxp3 T Cells during
Ontogeny
Rubtsov et al. (2010) argued that Foxp3 BAC transgene-driven
Cre expression might not faithfully mirror endogenous Foxp3
expression, thereby resulting in a misleading accumulation of
Foxp3YFP+ cells observed previously (Zhou et al., 2009). To
overcome this potential problem, we generated Foxp3GFPCre
knockin mice by gene targeting, in which the DNA sequence
coding for a GFP-Cre fusion protein is inserted via an intrariboso-
mal entry site (IRES) into the 30 untranslated region (UTR) of the
endogenous Foxp3 locus (Figures S1A and S1B available on-
line). The Foxp3GFPCre mice were crossedwithROSA26-red fluo-
rescent protein (ROSA26RFP) mice (Luche et al., 2007) so that the
RFP reporter visualizes Foxp3+ cells and their progeny, indepen-
dently of continuous or transient expression.
Flow cytometric analysis of lymph node (LN), spleen, and
intestinal lamina propria cells from adult mice revealed that,
whereas GFP expression was confined to Foxp3+ T cells,
10%–20% of RFP+CD4+ T cells were GFP and Foxp3 (Figures
1A and S1C), a finding consistent with the Foxp3-GFPCre BAC
Tg mouse study (Zhou et al., 2009). RFP+ cells were detected
in peripheral T cells and in CD4+CD8 and CD4CD8+ single-
positive (SP) thymocytes but not in other hematopoietic cell line-
ages, in immature thymocytes, or in CD4+ T cells from OT-II TCR
transgenic Rag2/Foxp3GFPCreROSA26RFP mice (Figures 1A
and S1D–S1F). Thus, Foxp3RFP+ T cells do not result from
stochastic Foxp3 transcription that might take place in naive
T cells or earlier progenitors but from downregulation of Foxp3
expression in Foxp3+ T cells (exFoxp3 T cells).Foxp3RFP+CD4+ T cells displayed low expression of Treg
cell-associated surface markers, CD25, CD103, OX40, and
GITR, while showing heterogeneous expression of Helios, a tran-
scription factor proposed to be a marker for thymically gener-
ated Treg cells (Figure S1G; Thornton et al., 2010). They were
enriched predominantly in CD44hi effector or memory phenotype
T cells (Figure 1B) but displayed heterogeneous expression of
other activation or memory markers, CD62L, CD69, and CCR7
(Figure S1G). Moreover, RFP+ as well as RFP Foxp3CD44hi
CD4+ T cells were capable of producing effector cytokines,
IFN-g, IL-2, IL-4, IL-17, and IL-21 (Figure S1H), indicating differ-
entiation into diverse Th cell phenotypes.
Foxp3+CD4SP thymocytes contained many RFP or lo cells
throughout ontogeny, which probably represent ‘‘newly devel-
oped’’ Foxp3+ T cells that have recently initiated Foxp3 tran-
scription but have not fully accumulated RFP protein (Figures
1A and 1C). Although most splenic Foxp3+CD4+ T cells from
4-day-old mice were RFP or lo, Foxp3+RFPhi cells rapidly and
progressively accumulated until adulthood (Figure 1C). Thus,
adult peripheral Foxp3+ T cells are composed mostly of ‘‘resi-
dent’’ Foxp3+ T cells that have developed during ontogeny.
Foxp3RFP+CD44hi cells were also generated and accumulated
during ontogeny, reached a plateau around 7 weeks of age, and
persisted thereafter (Figure 1C) even in adult thymectomized
mice (not shown). Importantly, Ki67+ proliferating cells were
most enriched in Foxp3RFP+CD44hi cells in early ontogeny
(Figure 1D). Because secondary lymphoid tissues are lympho-
penic and facilitate spontaneous proliferation of T cells in early
ontogeny (Le Campion et al., 2002;Min et al., 2003), these results
suggest that such lymphopenia-driven proliferation promotes
the generation and accumulation of exFoxp3 T cells.
Promiscuous and Unstable Foxp3 Expression in
Activated T Cells In Vitro
We then sought to determine the origin of exFoxp3 Th cells. A
clue was obtained from analyses of Foxp3hCD2 knockin mice,
in which Foxp3+ T cells express a GPI-anchored human CD2-
CD52 fusion protein on their cell surface (Figures S2A–S2C).
The high sensitivity of this membrane reporter for Foxp3 expres-
sion allowed us to detect and sort Foxp3+ and Foxp3 T cells
into high purity (invariably >99.9%) by FACS after magnetic
sorting.
When Foxp3CD44loCD62Lhi naive CD4+ T cells were stimu-
lated with CD3 and CD28 mAb-coated beads in the absence
of exogenous TGF-b, we found that 10% of them upregulated
hCD2 and Foxp3 (Figures 2A and S2D). The levels of the induced
Foxp3 were lower than in activated natural Foxp3+ T cells (Fig-
ure 2A) but sufficient to induce RFP expression in activated naive
CD4+ T cells from Foxp3GFPCreROSA26RFP mice (Figure S2E).
Activation-induced Foxp3 expression was dependent partially,
although not entirely, on serum-derived TGF-b (Figures S2F
and S2G), was IL-2 dependent (Figure S2H), and was inhibited
by IFN-g, IL-4, IL-6, or IL-21 (Figure S2I). Inhibition of Foxp3
induction by these cytokines probably explains the sparse
Foxp3 induction in murine activated T cells observed in previous
studies (Fontenot et al., 2003, 2005; Hori et al., 2003; Khattri
et al., 2003), most of which used APCs or total Foxp3 T cells
containing CD44hi cells capable of producing these cytokines
(Figures S2J and S2K). In addition, prolonged TCR signalingImmunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc. 263
Figure 1. Generation and Accumulation of exFoxp3 T Cells during Ontogeny
(A and B) Thymocytes (Thy), peripheral LN (pLN), mesenteric LN (mLN), and spleen (Spl) cells from 5- to 6-week-old Foxp3GFPCreROSA26RFP mice (n = 4) and
lamina propria cells of the small (SI) and large (LI) intestine from 7-week-old mice (n = 5) were analyzed.
(A) Representative GFP and RFP expression profiles and percentages of GFP cells in RFP+CD4+CD8TCR-b+ cells (mean ± SEM).
(B) Representative flow cytometric profiles and percentages of RFP+ cells in CD4+ T cell subsets (mean ± SEM).
(C) Ontogeny of RFP expression. Shown are representative RFP histograms and percentages of RFP, RFPlo, and RFPhi cells in CD4+CD8TCR-b+ thymocyte
and splenocyte subsets from mice of various age (mean ± SEM, n = 412).
(D) Percentages of Ki67+ cells in splenic CD4+ T cell subsets from mice of various age (mean ± SEM, n = 35).
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Origin of exFoxp3 T Cellswith plate-bound CD3 mAb may also contribute to the sparse
Foxp3 induction in those studies (Figure S2L). Note that activa-
tion-induced Foxp3 expression does not result from the alter-
ation of the Foxp3 locus; it was also seen in CD4+ T cells from
DO11.10 TCR transgenic Rag2/Foxp3WT mice, devoid of
natural Foxp3+ T cells (Figure S2M).
We found that activation-induced Foxp3 does not confer
a regulatory cell phenotype and is unstable. DNA microarray
analysis revealed comparable expression of most Treg cell
signature genes (Hill et al., 2007) except for Foxp3 between
activation-induced Foxp3+ and activated Foxp3 T cells (Fig-
ure 2B). Flow cytometric analysis also confirmed that induced
Foxp3+ T cells do not show high CD25 and Helios expression
and low IL-2 production observed in natural Foxp3+ T cells (Fig-
ure 2C). Furthermore, induced Foxp3+ T cells failed to suppress
proliferation of cocultured responder T cells and to maintain
Foxp3 expression upon restimulation (Figure 2D) and displayed
a methylated TSDR (Figure 2E). In contrast, natural Foxp3+264 Immunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc.T cells showed efficient suppressive activity, stable Foxp3
expression, and a demethylated TSDR, whereas TGF-b-induced
Foxp3+ T cells showed an intermediate phenotype (Figures 2D
and 2E). Unlike the TSDR, the Foxp3 promoter was fully deme-
thylated in all types of Foxp3+ T cells, whereas it was partially
and heavily methylated in naive and activated Foxp3 T cells,
respectively (Figure 2E). Thus, activity and stability of Foxp3 tran-
scription are differentially associated with demethylation of the
Foxp3 promoter and the TSDR, respectively.
In total, these results demonstrate that mouse naive T cells
can exhibit promiscuous and unstable Foxp3 expression upon
activation.
exFoxp3 T Cells Are Generated from Transiently
Induced Foxp3+ T Cells in Lymphopenic Environments
We next asked whether unstable Foxp3 induction in Foxp3
T cells takes place in normal mice and accounts for exFoxp3
T cells generated in lymphopenic environments. To identify
Figure 2. Promiscuous and Unstable Foxp3 Expression in Activated T Cells
Naive hCD2CD44loCD62Lhi T (Tn) and hCD2+CD4+ T (Treg) cells sorted from Foxp3hCD2 mice were stimulated with anti-CD3 and anti-CD28 plus IL-2 for 4 (A, B)
or 7 (C–E) days. Tn cells were also stimulated in the presence of TGF-b1 (D, E).
(A) Foxp3 and hCD2 expression.
(B) Microarray analysis of hCD2+ (Act hCD2+) and hCD2 (Act hCD2) cells sorted from activated Tn cells. Mean expression values (n = 2) of Treg cell signature
probes (Hill et al., 2007) up- or downregulated in Treg cells are plotted.
(C) CD25, IL-2, and Helios expression.
(D) Suppressive activity and stability of Foxp3 expression. CFSE-labeled Ly5.2 responder T cells were stimulated alone or together with sorted Ly5.1 Act hCD2,
Act hCD2+, TGF-b-induced hCD2+, or activated Treg cells. Histograms show CFSE dilution in Ly5.1Ly5.2+CD4+ cells (left) and hCD2 expression on Ly5.1+
Ly5.2CD4+ cells (right).
(E) Methylation status of the Foxp3 promoter and TSDR. The degree of methylation at each CpG motif is represented according to the color code.
Results are representative of two (E) or more than three independent experiments.
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Origin of exFoxp3 T Cellsperipherally induced Foxp3+ T cells in normal lymphoreplete
mice, we adoptively transferred Foxp3CD4+ T cells sorted
from Ly5.1 Foxp3hCD2 mice into Ly5.2 Foxp3hCD2 mice (Fig-
ure 3A). As reported previously (Lathrop et al., 2008), a small
fraction of Ly5.1 Foxp3 donor cells upregulated Foxp3 (Fig-
ure S3A); the frequency of Ly5.1 cells among peripheral
Foxp3+ T cells peaked at 2 weeks after transfer and gradually
decreased thereafter (Figure S3B), whereas the levels of induced
Foxp3 increased over time (Figure S3C).
We sorted total peripheral Foxp3+CD4+ T cells consisting of
Ly5.2 endogenous cells and Ly5.1 cells that had upregulated
Foxp3 during 2 weeks of residence in replete mice and trans-
ferred them into Rag1/ mice (Figure 3A). When analyzed
4 weeks later, most of Ly5.1, but only half of Ly5.2, CD4+
T cells were found to be Foxp3 (Figures 3B and 3C). Moreover,Ly5.1 cells that had lost Foxp3 expression (Foxp3+ /  cells)
increased their frequency extensively, whereas Ly5.1 cells that
had maintained Foxp3 expression (Foxp3+/ + cells) decreased
their frequency (Figures 3B and 3D). In contrast, Ly5.1 cells that
had upregulated and maintained Foxp3 expression during
8 weeks of residence in replete mice showed more stable
Foxp3 expression than those that had done so during 2 weeks
(Figures 3B and 3C), primarily as a result of reduced population
expansion of Ly5.1 Foxp3+/  cells (Figure 3D). Ly5.1 cells that
had become Foxp3+ during 4 weeks of residence in replete mice
gave intermediate results (see Figures S3D–S3F).
These results indicate that peripherally induced Foxp3+ T cells
contain both unstable and stable cells, the relative abundance
of each changing over time; unstable cells are more prevalent
early after Foxp3 induction, whereas stable cells graduallyImmunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc. 265
Figure 3. Origin of exFoxp3 T Cells Generated in Lymphopenic Environments
(A) Schema of the serial transfer experiment. No line feed.
(B–G) Peripheral hCD2CD4+ T cells (B–D) or hCD2+CD24lo or intCD4+CD8 thymocytes (E–G) sorted from Ly5.1 Foxp3hCD2 mice were transferred into Ly5.2
Foxp3hCD2mice. After 2 or 8 weeks, total hCD2+CD4+ T cells were sorted and transferred intoRag1/ recipients. Four weeks after the secondary transfer, pooled
LN and spleen cells were analyzed.
(B and E) Foxp3 expression and population composition before and after transfer into Rag1/ mice. Numbers in parentheses indicate fold-increase in the
percentage of Ly5.1 (Ly5.1+) or Ly5.2 (Ly5.1) hCD2+/ + or hCD2+/  population, calculated by dividing the percentage of each population after transfer by the
percentage of the respective donor population before transfer.
(C and F) Percentages of hCD2+ cells in Ly5.1 and Ly5.2 donor cells after transfer.
(D and G) Change in population composition after transfer. Fold-increase in the percentage of Ly5.1 or Ly5.2 hCD2+ / + or hCD2+ /  population is plotted.
Each symbol represents individual Rag1/ mouse, and the horizontal line indicates the mean of each group. Results are pooled from two independent
experiments per group.
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Origin of exFoxp3 T Cellspredominate. Thus, unstable cells appear to develop transiently
in the course of peripheral induction of Foxp3+ T cells. These
results also suggest that, in lymphopenic environments,
exFoxp3 (Foxp3+ / ) T cells are generated and accumulate
predominantly from transiently induced, unstable Foxp3+ cells
through selective population expansion.266 Immunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc.As shown previously (Komatsu et al., 2009), 90% of Foxp3+
donor T cells maintained Foxp3 expression inRag1/ recipients
when cotransferred with Foxp3 T cells (Figure S3D). In such co-
transferred recipients, themarked population expansion of Ly5.1
Foxp3+ /  cells was inhibited (Figures S3D and S3E). In addi-
tion, although absolute numbers of total Foxp3+ /  cells were
Immunity
Origin of exFoxp3 T Cellsreduced, those of Foxp3+ / + cells were increased in the pres-
ence of Foxp3 T cells (Figure S3F). Thus, Foxp3 T cells appar-
ently facilitate Foxp3 ‘‘maintenance’’ by inhibiting accumulation
of exFoxp3 T cells expanding from transiently induced Foxp3+
cells and by promoting accumulation of Foxp3+ cells.
These observations imply that the majority of peripheral
Foxp3+ T cells, particularly those developing intrathymically,
exhibit stable Foxp3 expression. To evaluate this possibility,
we transferred Ly5.1 Foxp3+CD24lo or intCD4SP thymocytes
into Ly5.2mice (Figure 3A). CD24hi cells were excluded, because
adoptive transfer of these cells may be nonphysiological as indi-
cated by the fact that they do not normally leave the thymus at
this immature stage (Gabor et al., 1997). Most (97.9% ± 0.8%,
n = 4) Ly5.1 cells maintained Foxp3 expression after 2 weeks
of residence in Ly5.2 replete mice (Figure 3A). When total periph-
eral Foxp3+ T cells were transferred into Rag1/ mice, most
Ly5.1 cells maintained Foxp3 expression (Figures 3E and 3F)
and underwent population expansion to the same extent as
Ly5.2 Foxp3+/ + cells (Figure 3G). Similar results were obtained
with Foxp3+ thymocytes that had maintained Foxp3 expression
for 8 weeks in replete mice (not shown).
When, however, Ly5.1 Foxp3+ thymocytes were transferred
directly into Rag1/ mice together with Ly5.2 peripheral
Foxp3+ T cells, they showed less stable Foxp3 expression than
those that had resided in replete mice (p = 0.0015; Figures
S3G and S3H versus Figures 3E and 3F). This instability re-
sulted primarily from increased population expansion of Ly5.1
Foxp3+ /  cells (p = 0.01) and also from reduced population
expansion of Ly5.1 Foxp3+/ + cells (p = 0.002) (Figure 3G versus
Figures S3I and S3J). Yet, the population expansion of
Ly5.1 Foxp3+ /  thymocytes was less extensive than Ly5.2
Foxp3+ /  T cells (Figure S3I) as well as peripherally induced
Foxp3+/  T cells (Figures S3I versus 3D), suggesting that their
contribution to Foxp3+ /  T cells is minor when compared to
peripherally induced Foxp3+ T cells.
These results indicate that, although newly developed Foxp3+
thymocytes contain some unstable cells, thymically induced
peripheral resident Foxp3+ T cells exhibit stable Foxp3 expres-
sion. Thus, unstable Foxp3+ thymocytes also appear to develop
transiently in the course of thymic differentiation of Foxp3+
T cells.
Only Some of Peripherally Induced Foxp3+ T Cells
Generate exFoxp3 Th Cells under Inflammatory
Environments
It has been shown that some Foxp3+ T cells differentiate into
cytokine-secreting Foxp3 Th cells when activated in vitro in
the presence of IL-4, IL-6, or TGF-b Ab, but not IL-12 (Komatsu
et al., 2009; Xu et al., 2007; Yang et al., 2008). To determine the
origin of such exFoxp3 T cells generated in response to inflam-
matory cytokine milieus, we transferred Ly5.1 peripheral
Foxp3CD4+ T cells or Foxp3+CD24lo or intCD4SP thymocytes
into Ly5.2 mice and sorted peripheral Foxp3+ T cells 2 weeks
later. When stimulated with anti-CD3 and anti-CD28 in the pres-
ence IL-4, IL-6, or anti-TGF-b plus TGF-bRII-Fc (aTGF-b
for short), none or few of thymus-derived Foxp3+ T cells lost
Foxp3 expression, whereas peripherally induced Foxp3+
T cells lost Foxp3 expression more extensively than did Ly5.2
endogenous Foxp3+ T cells (Figure 4A). Notably, Ly5.1 peripher-ally induced Foxp3+ /  cells increased their frequency to a
greater extent than did Ly5.2 Foxp3+ /  cells, already 4 days
after stimulation (Figure 4A, not shown).
When stimulated under an optimal Th17 cell polarization
condition, many peripherally induced, but not thymus-derived,
Foxp3+ T cells differentiated into IL-17-producing Foxp3 cells
(Figure 4B). Interestingly, 35% of peripherally induced
Foxp3+/ + T cells also produced IL-17, although the frequency
of IL-17+ cells and the levels of IL-17 in Foxp3+/ + T cells were
less than in Foxp3+/  T cells. In contrast, only5%of thymus-
derived Foxp3+ / + T cells were IL-17+. Likewise, when stimu-
lated under a Th2 cell polarization condition, only some of
induced Foxp3+ T cells converted to IL-4-producing Foxp3
cells (Figure 4B).
These results indicate that only some of peripherally
induced Foxp3+ T cells differentiate into Foxp3 Th cells and
that theseaccumulate throughselectiveexpansion in response to
inflammatory cytokine signals, whereas some others exhibit
stable Foxp3 expression and the potential to produce IL-17
when appropriately polarized. In contrast, thymically induced,
peripheral-resident Foxp3+ T cells exhibit stable Foxp3 expres-
sion and produce little IL-17 even under polarizing conditions.
Peripherally InducedFoxp3+TCellsConsist ofCD25– or lo
Unstable and CD25hi Stable Cells
We have previously shown that unstable Foxp3+ T cells are en-
riched within CD25 or lo cells (Komatsu et al., 2009). In addition,
activation-induced unstable Foxp3+ T cells expressed CD25 and
Foxp3 at lower levels than did natural Foxp3+ Treg cells (Figures
2A and 2C). We found that peripherally induced Foxp3+ T cells
showed heterogeneous CD25 and Foxp3 expression; induced
CD25 or lo cells were Foxp3lo and prevalent early after transfer,
whereas induced CD25hi cells gradually upregulated Foxp3
levels and persisted more stably (Figures 5A–5C). When acti-
vated in the presence of IL-4, IL-6, or aTGF-b, many more
Ly5.1 peripherally induced CD25 or loFoxp3+ cells lost Foxp3
expression than did Ly5.1 peripherally induced CD25hi and
Ly5.2 endogenous CD25 or loFoxp3+ cells (Figure 5D). Note
that thymus-derived peripheral Foxp3+ T cells, which contain
CD25 or lo cells, exhibited stable Foxp3 expression (Figure 4A),
indicating that unstable Foxp3+ T cells are confined to peripher-
ally induced CD25 or lo cells. Although Foxp3 expression in
Ly5.1 peripherally induced CD25hi cells was largely stable, it
was less so than Ly5.2 endogenous CD25hi cells (Figure 5D). A
few unstable cells contained in CD25hiFoxp3+ T cells are there-
fore also ascribed to peripherally induced ones. These results
indicate that peripherally induced Foxp3+ T cells consist of two
distinct populations: the transient one that is enriched in
CD25 or lo cells and shows unstable Foxp3 expression, and
the persistent one that is enriched in CD25hi cells and shows
stable Foxp3 expression.
When Ly5.1 Foxp3 donor T cells were separated into CD25+
and CD25 cells and transferred independently into Ly5.2 mice,
CD25+Foxp3 cells generated Foxp3+ cells more efficiently than
did CD25Foxp3 cells (Figure S4A). Moreover, CD25+ and
CD25Foxp3 cells preferentially gave rise to CD25hi and
CD25 or loFoxp3+ cells, respectively (Figure S4B), suggesting
that these two populations develop through distinct differentia-
tion pathways.Immunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc. 267
Figure 4. Origin of exFoxp3 Th Cells Generated in Response to Inflammatory Cytokine Signals In Vitro
Ly5.1 peripheral hCD2CD4+ T cells (13 107) or hCD2+CD24lo or intCD4+CD8 thymocytes (13 106) were transferred into Ly5.2 Foxp3hCD2mice. Twoweeks later,
total peripheral hCD2+CD4+ T cells were sorted and stimulated for 4 days with anti-CD3 and anti-CD28 plus IL-2 in the presence or absence (none) of IL-4, IL-6, or
TGF-b mAb plus TGF-bRII-Fc (aTGF-b) (A) or in the presence of IL-1b plus IL-6 (Th17 polarization) or IL-4 (Th2 polarization) (B).
(A) Representative flow cytometric profiles before and after stimulation in the presence of IL-6, and percentages of hCD2+ cells in Ly5.1 and Ly5.2 cells (mean ±
SEM, n = 2–4). Numbers in parentheses indicate fold-increase in the percentage of Ly5.1 or Ly5.2 hCD2+ / + or hCD2+ /  cells.
(B) IL-17 or IL-4 production in in-vitro-polarized hCD2+ cells. Results are representative of three independent experiments.
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Origin of exFoxp3 T CellsDevelopment of Nonregulatory Unstable Foxp3+ T Cells
in Normal Mice
We then sought to establish, without relying on adoptive trans-
fers, that Foxp3+ T cells exhibiting unstable and transient
Foxp3 expression develop in normal mice and to determine their
phenotype and function. We took advantage of Foxp3GFPCre
ROSA26RFP mice, which allow us to distinguish RFP or lo newly
developed Foxp3+ T cells from RFPhi resident Foxp3+ T cells in
adult mice. Peripheral Foxp3+RFP or lo cells showed lower
CD24 and higher Qa2 expression than did their thymic counter-
parts (Figure S5), suggesting that many of them acquired Foxp3
expression in the periphery. We reasoned that if some Foxp3+
T cells express Foxp3 only transiently, they should be enriched
among RFP or lo cells and become rare among RFPhi cells.
Indeed, when stimulated in the presence of IL-4 (not shown),
IL-6, or aTGF-b, or when adoptively transferred into Rag1/268 Immunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc.mice together with naive T cells, half of Foxp3+RFP or lo cells
lost, whereas most of Foxp3+RFPhi cells maintained, Foxp3
expression (Figures 6A and 6B). Notably, the majority of the
Foxp3 cells were RFP+, indicating their Foxp3+ T cell origin.
Peripheral and thymic Foxp3+RFP or lo cells consisted of
CD25 or lo and CD25hi cells (Figures 6C and S5), indicating
that Foxp3+ T cells develop as either CD25 or lo or CD25hi.
BothCD25 or lo andCD25hi RFP or loFoxp3+ cells showed lower
Helios expression than did RFPhiFoxp3+ cells, a finding support-
ing the idea that peripherally induced Treg (iTreg) cells are
Helioslo (Figure 6C; Thornton et al., 2010). Whereas peripheral
RFP or loCD25hi, RFPhiCD25 or lo, and RFPhiCD25hi Foxp3+
T cells contained CD103+ cells and were CD122hiOX40hiGITRhi,
RFP or loCD25 or loFoxp3+ cells were Foxp3loCD103
CD122loOX40loGITRlo and thus lacked a typical Treg cell pheno-
type (Figure 6C). We also found that RFPhi cells, particularly
Figure 5. Peripherally Induced Foxp3+ T Cells Consist of CD25– or lo Unstable and CD25hi Stable Cells
Ly5.1 hCD2CD4+ cells (1 3 107) were transferred into Ly5.2 Foxp3hCD2 mice. At various time points after transfer, pooled LN and spleen cells were analyzed.
(A) Representative CD25 and hCD2 expression profiles.
(B) Geometric MFI of hCD2 in each hCD2+ subset normalized by the value in total hCD2+ cells (mean ± SEM, n = 2–3).
(C) Percentages of Ly5.1 CD25 or lo or CD25hi cells among total hCD2+CD4+ T cells (mean ± SEM, n = 2–3).
(D) CD25 or lo and CD25hi hCD2+CD4+ T cells were sorted from Ly5.2 mice that had received Ly5.1 hCD2CD4+ T cells 4 weeks earlier and stimulated for 4 days
with anti-CD3 and anti-CD28 plus IL-2 and other reagents. Percentages of hCD2+ cells in Ly5.1 and Ly5.2 cells are plotted (mean ± SEM, n = 2).
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cells (i.e., CD44hiCD62LloCCR7loICOShi) than did RFP or lo cells
(Figure 6C), indicating their peripheral activation and persis-
tence. Most importantly, only RFP or loCD25 or loFoxp3+ cells
showed defective suppressive activity, unstable Foxp3 expres-
sion, and a fully methylated TSDR (Figures 6D and 6E). Notably,
whereas RFPhi cells displayed a fully demethylated TSDR
irrespective of CD25 expression, CD25hiRFP or lo cells dis-
played a partially (40%) methylated TSDR despite largely
stable Foxp3 expression (Figures 6D and 6E), suggesting that
CD25hiRFP or lo cells are already committed to stable Foxp3
expression before full demethylation of the TSDR.Taken together, these results indicate that peripheral Foxp3+
T cells harbor a minor population that exhibits promiscuous
and unstable Foxp3 expression and develops transiently in the
course of peripheral Foxp3+ T cell differentiation.
‘‘Latent’’ Treg Cells with an Epigenetic Memory of Foxp3
Expression
We have previously shown that some exFoxp3 T cells generated
in lymphopenic mice reacquire Foxp3 expression upon activa-
tion (Figure S6A; Komatsu et al., 2009). They showed a partially
demethylated TSDR and segregated into Foxp3+ T cells exhibit-
ing a largely demethylated TSDR and Foxp3 T cells exhibitingImmunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc. 269
Figure 6. A Minor Foxp3+ T Cell Population Exhibiting Promiscuous and Unstable Foxp3 Expression in Normal Mice
(A) RFPhi and RFP or lo GFP+CD4+ T cells were sorted from Foxp3GFPCreROSA26RFP mice and stimulated for 4 days with anti-CD3 and anti-CD28 plus IL-2 in the
presence or absence of other reagents.
(B) RFPhi and RFP or lo GFP+CD4+ T cells (1 3 105) were transferred into Rag1/mice together with Ly5.1 hCD2CD45RBhiCD4+ T cells (4 3 105), and spleen
and mLN cells were analyzed 5 weeks later. Representative flow cytometric profiles of Ly5.1Ly5.2+CD4+TCR-b+ cells and percentages of GFP+ cells in RFP+
cells are shown.
(C) Expression of various markers in GFP+CD4+ T cell subsets.
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Figure 7. Foxp3–RFP+ Cells Contain Latent Treg Cells that Retain an Epigenetic Memory of Foxp3 Expression and Suppressive Function
CD4+ T cell subsets sorted from Foxp3GFPCreROSA26RFP mice were stimulated for 4 (A–C) or 7 (D, E) days with anti-CD3 and anti-CD28 plus IL-2.
(A) GFP expression in CD44hiGFPRFP+memory T (TmRFP+) cells stimulated with IL-2 alone or along with anti-CD3 and anti-CD28 in the presence or absence of
other reagents.
(B) Foxp3 and Helios expression.
(C) IFN-g and IL-17 production in Tm RFP+ cells that upregulated GFP or not.
(D) Ly5.2 Tm RFP+ and Treg cells were stimulated and sorted into GFP+ and GFP cells, which were then assessed for their suppressive activity and Foxp3
stability. CFSE dilution in Ly5.1+5.2 responder CD4+ and GFP expression in Ly5.15.2+CD4+ cells are shown.
(E) DNA methylation status of the TSDR.
Results are representative of two (C, E) or three independent experiments.
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exFoxp3 T cells behaved similarly; 30% of Foxp3RFP+
CD44hiCD4+ T cells reacquired GFP and Foxp3 expression in
a TCR stimulation-dependent but TGF-b-independent manner
(Figures 7A and 7B). In addition, this reinduction was not in-
hibited by IL-4 or IL-6 (Figure 7A). Helioshi cells were enriched
in RFP+ cells that reinduced Foxp3 (Figure 7B), whereas
IFN-g+ and IL-17+ cells were confined to RFP+ cells that re-
mained Foxp3 (Figure 7C). Reinduced Foxp3+RFP+ cells but
not noninduced Foxp3RFP+ cells efficiently suppressed T cell
proliferation and maintained Foxp3 expression (Figure 7D).
Finally, Foxp3RFP+CD44hiCD4+ T cells showed a partially de-
methylated TSDR, and, upon activation, segregated into rein-
duced Foxp3+RFP+ cells exhibiting a demethylated TSDR and
noninduced Foxp3RFP+ cells exhibiting a fully methylated
TSDR (Figure 7E). These results collectively indicate that ex-
Foxp3 T cells consist not only of Th cells with a methylated
TSDR but also of ‘‘latent’’ Treg cells that robustly reacquire(D) Ly5.1 CFSE-labeled responder T cells were stimulated alone or together with
GFP and RFP expression in Ly5.1Ly5.2+CD4+ cells (right) are shown.
(E) Methylation status of the TSDR.
Results are representative of two (E) or three (A, C, D) independent experimentsFoxp3 expression and suppressive activity upon TCR stimula-
tion, many of which may be thymus-derived Helioshi Treg cells.
Thus, Treg cells can transiently downregulate, yet retain a
memory of, Foxp3 expression and suppressive function without
converting to Th cells. The demethylated status of the TSDR
appears to provide the basis of such epigenetic memory of
Foxp3 expression.
DISCUSSION
The emerging notion of environment-induced Treg cell reprog-
ramming has been actively debated but has remained highly
controversial (Bailey-Bucktrout and Bluestone, 2011; Hori,
2011; Rubtsov et al., 2010). The controversy may be resolved
by postulating that the observed plasticity of Foxp3+ T cells
does not reflect reprogramming of Treg cells, but a minor popu-
lation of uncommitted Foxp3+ T cells (Hori, 2010, 2011). The
findings presented here provide compelling evidence for thissorted Ly5.2 GFP+CD4+ T cell subsets. CFSE dilution in Ly5.1+Ly5.2 (left) and
.
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Foxp3+ T cells exhibiting promiscuous Foxp3 expression as
the origin of exFoxp3 Th cells that develop and accumulate in
inflammatory cytokine milieus or in lymphopenic environments,
including those in early ontogeny. In contrast, Foxp3+ Treg cells
exhibiting suppressive activity do not undergo reprogramming
under those conditions. Although a few Treg cells transiently
lose Foxp3 expression, they retain its memory and robustly re-
express Foxp3 and suppressive function upon activation. Finally,
we show that the demethylated status of the TSDR specifies the
committed state of Treg cells, independently of ongoing Foxp3
expression.
By genetic fate mapping with newly generated Foxp3GFPCre
knockin ROSA26RFP mice, we have demonstrated that exFoxp3
T cells constitute a sizable fraction of effector or memory pheno-
type CD4+ T cells in adult mice, a finding that is in full agreement
with the Foxp3-GFPCre BAC Tg study (Zhou et al., 2009) but
contrasts with the Foxp3GFP-Cre-ERT2 study (Rubtsov et al.,
2010). Because gene targeting strategies of the two knockin
mice are similar in that an IRES-Cre cassette was inserted into
the 30 UTR of the Foxp3 gene, it is unlikely that the discrepancy
stems from subtle technical differences. As discussed recently
(Hori, 2011), we argue that the discrepancy results from the
different time windows during which Foxp3+ T cells are labeled
with RFP or YFP. Because labeling is continuous, Foxp3RFP+
cells found in adult Foxp3GFPCre (or Foxp3-GFPCre BAC Tg)
mice are a composite of cells that have lost Foxp3 expression
during ontogeny and accumulated until adulthood, as we have
demonstrated here. In contrast, exFoxp3 T cells that develop
and accumulate during ontogeny were not revealed in the
Foxp3GFP-Cre-ERT2 study, because Foxp3+ T cells were pulse
labeled only as adults. Their findings that most (97%–98%) adult
peripheral Foxp3+ T cells exhibit stable Foxp3 expression
are rather remarkably consistent with our results that only a
minor fraction of adult peripheral Foxp3+ T cells (i.e., RFP or lo
CD25 or lo cells, which constitute approximately 2%–3% of
peripheral Foxp3+ T cells) exhibit unstable Foxp3 expression
and give rise to exFoxp3 T cells. Thus, our results can be fully
reconciled with the Foxp3GFP-Cre-ERT2 study.
Our findings refute, however, the notion that exFoxp3 Th cells
represent ‘‘exTreg’’ cells, resulting from reprogramming of Treg
cells (Bailey-Bucktrout and Bluestone, 2011; Duarte et al.,
2009; Murai et al., 2009; Yang et al., 2008; Zhou et al., 2009).
By using adoptive transfers or fate mapping, we were able to
show that only a minor population of nonregulatory Foxp3+
T cells gives rise to exFoxp3 Th cells in response to lymphopenia
or inflammatory cytokine signals, whereas Foxp3+ Treg cells do
not, irrespective of their thymic or peripheral origins. Although
originating from a minor population, exFoxp3 Th cells are able
to accumulate by selective population expansion under those
conditions. We argue that such superior population expansion
of non-Treg cell-derived exFoxp3 T cells (and/or inferior popula-
tion expansion of Treg cells), rather than Treg cell reprogram-
ming, accounts for the plasticity of Foxp3+ T cells observed in
a range of other conditions (Murai et al., 2009; Tsuji et al.,
2009; Zhou et al., 2009). Conversely, inferior population expan-
sion of exFoxp3 T cells and/or superior population expansion
of Treg cells would account for stable Foxp3 expression ob-
served under other circumstances (Rubtsov et al., 2010). We272 Immunity 36, 262–275, February 24, 2012 ª2012 Elsevier Inc.found that this is indeed the case for the stable Foxp3 expression
observed in lymphopenicmice cotransferred with Foxp3 T cells
(Duarte et al., 2009; Komatsu et al., 2009). Although there might
be as-yet-unidentified environmental conditions that induce
Treg cell reprogramming, our results suggest that Treg cells
are committed to Foxp3 expression and suppressive func-
tion under steady state and various perturbed conditions
including those that have been claimed to induce Treg cell
reprogramming.
What then distinguishes the committed state of Treg cells from
promiscuous Foxp3 expression? We found that these two alter-
native modes of Foxp3 expression were associated with differ-
ential methylation status of the TSDR, supporting the notion
that a demethylated TSDR distinguishes Treg cells from acti-
vated FOXP3+ conventional T cells in humans (Baron et al.,
2007).Moreover, we also found that exFoxp3 T cells are a hetero-
geneous population consisting of Th cells with a methylated
TSDR (reflecting promiscuous Foxp3 expression in conventional
T cells) and of latent Treg cells with a demethylated TSDR. The
demethylated status of the TSDR therefore identifies not only
Treg cells expressing Foxp3 but also Foxp3 latent Treg cells,
and thus represents a specific signature of the committed Treg
cell lineage independent of ongoing Foxp3 expression. This indi-
cates that the demethylated TSDR serves as a ‘‘memory
module’’ that maintains the committed state of Treg cells even
in environments where Foxp3 is downregulated.
What would be such environmental cues that downregulate
Foxp3 in Treg cells? The finding that Foxp3 reinduction was
dependent on TCR stimulation suggests that limited availability
of TCR ligands may be one of such cues. In addition, limited
IL-2 availability may also contribute to the transient loss of
Foxp3 expression (Rubtsov et al., 2010), although provision of
IL-2 alone was not sufficient for Foxp3 reinduction. This implies
that latent Treg cells may represent ‘‘memory’’ Treg cells, which
robustly reactivate Foxp3 expression and suppressive function
upon re-encounter with antigens. From a mechanistic point of
view, this robust reactivation of Foxp3 expression by TCR and/
or IL-2 signals would be achieved by recruitment of transcription
factors acting downstream of these signals, such as NF-kB,
CREB, Ets-1, and STAT-5, to the demethylated TSDR (Kim and
Leonard, 2007; Polansky et al., 2010; Zorn et al., 2006).
The identification of latent Treg cells in the normal T cell reper-
toire also has implications with respect to the origin of iTreg cells.
Although Foxp3+ T cells derived from peripheral Foxp3 cells
have been postulated to be generated de novo from naive
T cells, our results suggest that they may also contain Treg cells
reinduced from latent Treg cells, some of whichwould be thymus
derived. Indeed, a significant overlap in TCR repertoires has
been reported between polyclonal iTreg cells and Foxp3+
thymocytes (Lathrop et al., 2008) or between natural Foxp3+
T cells and exFoxp3 T cells (Zhou et al., 2009). In future studies,
it would be important to distinguish de novo Foxp3 induction
from Foxp3 reinduction, when addressing many outstanding
questions regarding iTreg cells.
Our findings have important implications with respect to the
differentiation pathway and the lineage commitment process of
Treg cells in the periphery and possibly in the thymus. Our results
suggest that Foxp3+ iTreg cells and non-Treg cells differentiate
through distinct pathways; as recently shown by others
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iTreg cells develop through the CD25+Foxp3 precursor stage.
In contrast, CD25 or loFoxp3+ T cells do not appear to go through
this stage. Importantly, RFP or loCD25hiFoxp3+ T cells already
display a partially demethylated TSDR and are largely committed
to stable Foxp3 expression and suppressive function, whereas
RFP or loCD25 or loFoxp3+ T cells display a fully methylated
TSDR and express Foxp3 only promiscuously and transiently.
These results suggest that the decision to adopt the Treg cell
fate or the exFoxp3 Th cell fate is mostly made as soon as, or
probably before, Foxp3 is induced. Although we have not ad-
dressed the process of intrathymic differentiation of Foxp3+
T cells in this study, we suggest that an analogous fate decision
process may also operate in the thymus in light of the common
two-step process for thymic and peripheral Treg cell differentia-
tion (Klein and Jovanovic, 2011; Lio and Hsieh, 2011; Schallen-
berg et al., 2010). Indeed, we and others (Yang et al., 2008)
have shown that newly developed Foxp3+ thymocytes contain
unstable cells that exhibit transient Foxp3 expression and give
rise to exFoxp3 Th cells. In our preliminary studies, we found
that such unstable thymocytes are confined also to CD25 or lo
RFP or loFoxp3+ cells. Thus, these findings provide further
evidence that the Treg cell lineage is determined by a higher-
order regulation operating upstream of Foxp3 (Hill et al., 2007),
the molecular nature of which is yet to be determined.
In conclusion, our observations demonstrate that Treg cells
represent a stable cell lineage, which robustly maintains its
committed state in a changing environment. Contrary to the
widely held view, however, Foxp3 expression per se does not
specify the lineage, because conventional T cells can promiscu-
ously express Foxp3 and committed Treg cells can reversibly
downregulate Foxp3. These results raise a word of caution
when using Foxp3Cre mice to examine gene functions in Treg
cells, because loxP-flanked genes would be deleted in a sizable
fraction of effector or memory CD4+ T cells as well in such
animals. More importantly, the findings presented here offer
a coherent framework that helps resolve the controversy over
plasticity of Foxp3+ T cells, and encourage strategies aimed at
inducing, expanding, or transplanting stable Treg cells for thera-
peutic purposes.
EXPERIMENTAL PROCEDURES
Mice
Mice were kept under specific-pathogen-free conditions in accordance with
approved protocols from the Institutional Animal Care at RIKEN. The
Foxp3GFPCre and Foxp3hCD2 mice generation and other strains are described
in Supplemental Information.
Cell Isolation, Cell Sorting, and Adoptive Transfer
CD4+ T cells were prepared from pooled LN and spleen cells. FACS sorting
was performed on FACSAria (BD Biosciences). To sort Foxp3+ or  T cells
or thymocytes from Foxp3hCD2 mice, CD4+ T cells or total thymocytes were
separated into hCD2+ or  cells with MACS (Miltenyi Biotech) before FACS
sorting. Adoptive transfer was achieved by tail vein injection of washed cell
suspension in sterile PBS. Details are described in Supplemental Information.
Flow Cytometry
Flow cytometric analyses were performed on FACSCanto II or FACSCalibur
(BD Biosciences), and data were analyzed with FlowJo software (Tree Star,
Inc.). Other information is described in Supplemental Information.In Vitro T Cell Activation, Suppression Assay, and Cytokine
Measurement
Sorted T cells were stimulated with CD3 and CD28 mAb-coated beads (Dynal)
at a 1:1 cell-to-bead ratio in the presence of recombinant mouse IL-2 (R&D)
and other reagents. For in vitro suppression assay, CFSE-labeled hCD2CD4+
responder T cells were stimulated alone or together with an equal number of
Ly5 disparate Treg cells for 3 days with CD3ε mAb (145-2C11, BD Bio-
sciences) in the presence of g-irradiated Cd3ε/ splenocytes as APCs. To
assess cytokine production, cells were stimulated for 4 hr with PMA and
ionomycin in the presence of GolgiPlug (BD Biosciences) before intracellular
staining. Details are described in Supplemental Information.
DNA Methylation Analysis
DNAmethylation analysis was performed by bisulfite sequencing as described
previously (Floess et al., 2007).
Microarray Analysis
TotalRNAwas isolated fromsortedcellswith Isogen reagent (NipponGene) and
RNeasy Mini Kit (QIAGEN), labeled with 30 IVT Express Kit, and hybridized to
Mouse Genome 430 2.0 Arrays (Affymetrix). Expression values for each probe
set were calculated by RMAmethod with GeneSpring GX11 software (Agilent).
Statistical Analysis
Means of two groups were compared with two-tailed Mann-Whitney test for
unpaired observations or Wilcoxon matched pairs test with Prism 4 software
(GraphPad Software, Inc.). Differences with p values < 0.05 were considered
significant.
ACCESSION NUMBERS
Microarray data are available in the RCAI Reference Database of ImmuneCells
(RCAI RefDIC, http://refdic.rcai.riken.jp/) under the accession numbers
RSM06684, RSM06686, RSM08460, and RSM08461.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/j.
immuni.2011.12.012.
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